Herpes simplex virus type 1 is capable of inhibiting host cell DNA synthesis following lytic infection. However, the mechanism and nature of potential effects on cell cycle progression have not been described. In this report, we characterize the dysregulation of the cell cycle following infection with the replication-incompetent virus d106, where immediate-early gene expression is restricted to infected-cell polypeptide 0 (ICP0) and the expression of all other viral genes is dramatically reduced or is not observed. Infection with d106 resulted in the accumulation of cells in both the G 1 /S and G 2 /M compartments, consistent with cell cycle arrest at both checkpoints. The isogenic variant d109, which does not express any viral proteins, failed to induce this phenotype, suggesting that the expression of ICP0 is crucial for cell cycle arrest. Analysis of global cellular gene expression patterns following infection with d106 and d109 revealed that a relatively small subset of cellular genes were induced as a consequence of ICP0 expression. A number of these genes induced in the presence of ICP0 are classically considered p53-responsive genes, including p21, gadd45, and mdm-2. However, infection with d106 of cells with both alleles of p53 deleted resulted in the same cell cycle arrest phenotype and similar cellular gene expression patterns, suggesting that the expression of ICP0 results in cell cycle arrest potentially via p53-dependent and p53-independent mechanisms. In addition, it was found that the effects of infection with d106 on viral and cellular gene expression were similar to the effects observed following treatment of cells with the histone deacetylase inhibitor trichostatin A.
The expression of herpes simplex virus type 1 (HSV-1) genes during lytic infection proceeds in a regulated cascade in which three classes of viral genes are temporally expressed: immediate-early (IE), early (E), and late (L) (40, 41) . The five IE gene products, designated infected-cell polypeptide 0 (ICP0), ICP4, ICP22, ICP27, and ICP47, are the first viral proteins synthesized upon infection and encode the primary regulatory functions of the virus necessary for the efficient and timely expression of early and late gene expression (66, 70, 82) . The functions of the IE proteins in the efficient expression of viral genes and the successful completion of the viral replication cycle involve the manipulation of a variety of host cell factors and metabolic pathways (2, 6, 24, 26, 31, 37, 39, 50, 54, 57, 69, 76, 78) . These interactions result in virus-induced perturbations of normal cellular processes, presumably resulting in a selective advantage for viral gene expression and replication.
ICP0 is an IE protein capable of transactivating all three classes of viral promoters (4, 8, 56) and is sufficient for the reactivation of virus from latency in both in vitro and in vivo models (19, 35, 51, 71) . ICP0 is considered a promiscuous activator of gene expression in transient assays (20, 32, 62, 67) and is associated with the turn on of previously silent gene expression in several heterologous systems (59, 60, 73) . Thus, the role of ICP0 is generally considered to be gene activation or reactivation. Viruses lacking ICP0 function are replication competent but grow very poorly and reactivate at lower levels than wild-type viruses (9, 51, 72) . These observations suggest that the host cell represses input viral genomes and that ICP0 activity leads to derepression of gene expression, increasing the probability of the lytic-cycle program. However, the exact mechanism(s) by which ICP0 may subserve these effects is not clear.
Activation of gene expression by ICP0 is considered to occur at the level of mRNA synthesis (44, 75) . ICP0 does not bind DNA (27) , suggesting that ICP0 may activate gene expression indirectly. Mutational analysis has demonstrated the importance of an N-terminal C3HC4 (RING finger) motif in ICP0 activity (17, 21, 25) , and such domains are thought to mediate protein-protein interactions (29, 30) . ICP0 interacts with a number of host cell proteins involved in a variety of cellular pathways that are potentially capable of contributing to its role as a gene activator. ICP0 has been shown to colocalize with and disrupt proto-oncogene promyelocytic leukemia protein-containing nuclear domains (ND10 or PODS) (24, 54, 55) . The ability to alter ND10 structures may be a necessary early event for efficient viral gene expression of a number of DNA viruses which also elaborate proteins mediating similar interactions with ND10, including the EBNA-5 protein of Epstein-Barr virus (80) , E4-orf3 and E1A of adenovirus (7, 42) , and IE1 and IE2 of human cytomegalovirus (HCMV) (1) . ICP0 has also been reported to interact with the protein degradation machinery of the cell (23, 26) , potentially affecting the stability of cellular and viral proteins. An example of this is provided by the observation that ICP0 interacts with and is associated with the rapid degradation of the catalytic subunit of DNA-dependent protein kinase (50, 65) .
It has also been reported that putative cellular functions exist during the transition of growth-arrested cells from G 0 into G 1 phase of the cell cycle that can functionally substitute for ICP0 transactivating ability (3, 68) . Thus, ICP0 function may lead to the activation of viral gene expression by mimicking or promoting cellular conditions normally present during specific stages of the cell cycle. ICP0 may interact directly with cell cycle regulatory machinery, as it has been shown to interact with cyclin D3 (48) . Infection with HSV-1 has also been linked to the inhibition of cellular DNA synthesis, presumably associated with cell cycle arrest in G 1 /S (12). Wu et al. have shown that a virus which minimally expresses ICP0 and ICP47 (d95) inhibits infected-cell proliferation and cellular DNA synthesis (85) , suggesting that ICP0 is involved in cell cycle dysregulation. The ability to manipulate cell cycle regulatory proteins may also play a role in viral DNA replication, as HSV-1 infection has been reported to redistribute p53, pRb, proliferating cell nuclear antigen, and other cellular proteins into viral DNA replication centers (83) . Cumulatively, these observations suggest a dynamic interaction between cell cycle events and viral gene expression and replication.
The mammalian cell cycle is tightly controlled at two main points: during G 1 , regulating the onset of S phase of DNA replication, and during G 2 /M, regulating the onset and completion of mitosis. Activation of the tumor suppressor protein p53 regulates cell cycle progression through both the G 1 /S and G 2 /M checkpoints in response to numerous stresses and stimuli (49, 52) . Active p53 functions primarily as a transcriptional activator by binding to a specific DNA recognition element of p53-responsive genes such as p21 (15) , gadd45 (47) , and mdm-2 (45) . p53 activation can result in cell cycle arrest or apoptosis, depending on the specific cellular genes induced and the context in which they are induced (49, 52) . Importantly, many p53-inducible genes can be activated via p53-independent mechanisms such that cells maintain multiple mechanisms to regulate cell cycle progression in different situations. For example, p21 can be induced independently of p53 during differentiation processes (53, 64) , in response to cytokines or growth factors (11, 58) , or by inhibition of histone deacetylase (HDAC) (79) . Administration of trichostatin A (TSA), a specific inhibitor of HDAC (88) , results in the hyperactylation of histones. The physiologic effect of this is cell cycle arrest in G 1 /S and G 2 /M, as well as p53-independent induction of p21 (79, 87) .
We recently described an HSV-1 mutant virus, d106, which is defective in the expression of all of the IE genes except that which encodes ICP0 and is therefore blocked very early in the viral replication cycle (73) . Besides ICP0, the only viral protein product readily detected in d106-infected cells is ICP6, which is the product of an E gene encoding the large subunit of viral ribonucleotide reductase, which has been previously shown to have no cytotoxic effect on the host cell (43) . In addition, we have constructed an isogenic variant of d106 that does not express any IE functions (73) . This virus, d109, does not express any viral proteins and has no observable cytotoxic effect, even at a high multiplicity of infection (MOI) (73) . We investigated the physiologic consequence of ICP0 expression and its potential interaction with cell cycle regulatory processes by comparing the effects of infection with these two viruses. A major consequence of ICP0 expression in infected cells was cell cycle arrest at both the G 1 /S and G 2 /M checkpoints. ICP0 expression resulted in the altered expression of a subset of cellular genes, including the induction of p53-responsive genes p21, gadd45, and mdm-2. ICP0 also induced these effects in the absence of cellular p53. Because the effect of ICP0 expression on cellular metabolism is very similar to the reported effect of inhibition of HDAC by TSA, we investigated whether TSA could operationally substitute for ICP0 to derepress gene expression from d109 viral genomes. Cumulatively, the effects of ICP0 on cell metabolism and on viral and cellular gene expression were very similar to those which occurred in the presence of TSA, suggesting that the two ultimately affect similar targets.
MATERIALS AND METHODS
Viruses and cells. The viruses d92, d95, d97, d99, d100, d103, d106, and d109 (73) (74) (75) 85) have been previously described. These viruses were grown and their titers were determined on Vero-derived cells stably transfected with the appropriate trans-complementing HSV-1 IE genes as previously described (74, 75) . Cells were maintained in Dulbecco modified Eagle medium supplemented with 10% fetal bovine serum (FBS) with appropriate antibiotic selection as previously described (13, 73) . Noncomplementing HEL (CCL-137) and H1299 (CRL-5803) cells were obtained from the American Type Culture Collection.
Cell proliferation and DNA synthesis assays. We seeded 10 6 HEL cells or 7 ϫ 10 5 H1299 cells on 100-mm-diameter dishes. Cells were then infected or mock infected at an MOI of 10. For proliferation assays, cells were harvested by trypsinization at the indicated times after infection or mock infection and counted. DNA synthesis was monitored by determination of [ 3 H]thymidine uptake. At the indicated time points, growth medium was removed, the cells were washed twice in 1ϫ Tris-buffered saline, and 100 Ci (7,000 Ci/mmol) of [ 3 H]thymidine (ICN) was added in 5 ml of HAM's F-12 medium supplemented with 2% FBS and 1 mg of penicillin-streptomycin per ml and the mixture was incubated for 3 h. Cells were then harvested and lysed in 500 l of digestion buffer (5 mM CaCl 2 , 100 mM NaCl, 10 mM Tris [pH 8], 25 mM EDTA, 0.5% sodium dodecyl sulfate (SDS), 0.1 mg of proteinase K per ml) for 3 h at 37°C. Following phenol-chloroform-isoamyl alcohol (25:24:1) extraction, the DNA was precipitated in ethanol, resuspended in Tris-EDTA, and treated with RNase. The DNA was then re-extracted, reprecipitated, and resuspended overnight in Tris-EDTA. The purified DNA was quantified by measuring the optical density at 260 nm, and 3 H content was determined by liquid scintillation spectroscopy. Flow cytometry. Cells were seeded and infected as described above. For synchronization, cells were incubated for 48 h prior to infection in Dulbecco modified Eagle medium supplemented with 0.25% FBS and released into medium containing 10% FBS. Cells were then harvested at the indicated time points, fixed in 50% ethanol, and stored at 4°C. The cells (10 6 /ml) were then stained with propidium iodide (50 g/ml) in 1ϫ phosphate-buffered saline containing 50 g of RNase per ml and 100 M EDTA. Cell cycle distribution, as measured by DNA content, was determined by flow cytometry by the University of Pittsburgh Cancer Institute Flow Cytometry Facility. An equal number of cells was counted for each sample.
Expression array analysis. Expression array analysis was conducted by using ATLAS Human cDNA Expression Arrays (Clontech) in accordance with the manufacturer's protocol but with the following modifications. Cells (1.7 ϫ 10 7 ) were seeded on tissue culture dishes (245 by 245 by 20 mm) for 36 h prior to infection or mock infection (MOI, 5). Total RNA was harvested by using Ultraspec reagent (Biotexc) in accordance with the manufacturer's protocol. Poly(A) ϩ RNA was isolated via an oligo(dT) slurry method in accordance with the manufacturer's (Becton-Dickinson) protocol and labeled with [␣-32 P]dATP (Amersham) using the reverse transcription reagents supplied with the expression arrays. Equal counts (3 ϫ 10 6 cpm) of 32 P-labeled cDNA were then hybridized to each filter, and the resulting autoradiograms were analyzed for differential expression.
Western blot analysis. Cells were seeded and infected (MOI, 10) as described above. Where appropriate, cells were then treated with TSA (Sigma) at the indicated concentrations. Cells were harvested at the times indicated, pelleted, and washed in 1ϫ phosphate-buffered saline prior to lysis in 50 l of lysis buffer (5 mM EDTA, 10 mM Tris [pH 7.4], 10 mM sodium pyrophosphate, 20 mM NaF, 130 mM NaCl, 2 mM sodium orthovanadate, 1% Triton X-100, 1 mM dithiothreitol, 1 mM tolylsulfonyl phenylalanyl chloromethyl ketone [TLCK], 1 mM phenylmethylsulfonyl fluoride). The cells were freeze-thawed, sonicated, and cleared by centrifugation. Protein content was determined by using a Bradfordbased assay (Bio-Rad) and equal amounts of total protein were separated by SDS-polyacrylamide gel electrophoresis (PAGE; 12% polyacrylamide; 29:1 polyacrylamide-bis-acrylamide). The resolved proteins were transferred to polyvinylidene difluoride membranes (Amersham) and probed with appropriate antibodies. The antibodies used included ␣-p53 (Calbiochem OP43), ␣-p21 (Pharmingen 15091), ␣-gadd45 (Santa Cruz sc-797), ␣-mdm-2 (Serotec MCA 1677), and ␣-ICP0 (Goodwin Institute for Cancer Research 1112). The proteins were detected with an ECL-Plus chemiluminescence assay kit (Amersham).
RESULTS
Infection with viruses that express ICP0 results in cell cycle arrest. We have previously shown that infection with a virus that minimally expresses ICP0 and ICP47 (d95) results in decreased cell proliferation, as well as inhibition of host cellular DNA synthesis (85) . This suggests that this IE protein(s) or these virion components contain activities which result in cell cycle arrest, leading to cell death. In particular, we hypothesized that ICP0 encodes functions responsible for the observed toxicity. To investigate this possibility, we studied the consequences of infection with d106. Similar to our previous obser-vations with d95 (85), infection of HEL cells with d106 (MOI, 10) resulted in inhibition of cell proliferation (Fig. 1A) . In addition, cellular DNA synthesis was markedly inhibited following d106 infection, as measured by determination of [ 3 H]thymidine uptake (Fig. 1B) . Significantly, infection with d109, which does not express any IE proteins, did not affect these parameters, indicating that components of the virus particle are not sufficient to induce this phenotype. The effect of d106 infection does not appear to be cell type specific, as we have observed similar effects on a number of different cell types (see Fig. 6 and 7; data not shown).
The logical explanation for the decreased proliferation of d106-infected cells and the concomitant inhibition of host DNA synthesis is that cell cycle progression is perturbed such that infected cells ultimately do not pass through S phase. To explore this possibility, we investigated the cell cycle distribution of cells infected with either d106 or d109 by flow cytometry of propidium iodide-stained cells. Infection of asynchronous cultures of HEL cells with d106 but not d109 resulted in accumulation of a lower steady-state level of cells in G 1 and an increase in the accumulation of cells in G 2 /M (Fig. 2) . Further incubation did not significantly alter this profile (data not shown). This suggests that the expression of ICP0 during d106 infection dysregulates the cell cycle and possibly causes arrest at both the G 1 /S and G 2 /M checkpoints. Infection with d109 had no discernible effect on the ability of cells to progress through the cell cycle, again emphasizing the importance of the expressed viral genes versus factors contained in the virus particle in mediating these effects.
To further investigate the potential existence of two cell cycle arrest points, we infected HEL cells synchronized in G 0 /G 1 by serum starvation at different times after release of the serum block (Fig. 3) . Infection of cells shortly after release from low-serum conditions verified the presence of a G 1 arrest point, as d106-infected cells remained in G 1 phase and failed to enter S phase or progress to G 2 for up to 36 h postinfection (Fig. 3A) . Figure 3B demonstrates that infection of HEL cells with d106 18 h after release from low-serum conditions, when the majority of cells had progressed beyond the d106-induced G 1 /S arrest point, resulted in accumulation of cells in G 2 /M phase. Analysis of the percentage of cells in G 1 following infection at different times after release (Fig. 3C ) demonstrated that d106-infected cells failed to transit out of G 1 into the subsequent S phase and failed to progress through G 2 /M phase into the following G 1 phase. It should be noted that results identical to those shown in Fig. 2 and 3 were obtained following infection of HEL cells with d95, a different ICP4
Ϫ virus (unpublished observations). This virus has also been shown to arrest cell division (85) . Lastly, it appears that the expression of ICP0 is required for the G 2 /M arrest phenotype, as infection with viruses with different subsets of IE functions deleted resulted in the accumulation of cells in G 2 /M only when ICP0 was expressed, regardless of the status of the other IE gene products ( Table 1) .
Effect of ICP0 expression on global cellular gene expression patterns. The above-described experiments demonstrated that expression of ICP0 results in cell cycle arrest in both G 1 and G 2 /M such that infected cells fail to enter S phase of DNA synthesis and exhibit failure to complete mitosis. Morphologically, d106-infected cells resemble d95-infected cells (85) in that the cells remain flat and adherent to the growth surface and are metabolically active for several days postinfection. However, they become enlarged with inclusions of ICP0 in the 
nucleus and often possess multiple subnuclei. It is clear that ICP0 has a profound effect on cell physiology when expressed from these viruses, and one might expect significant changes in cellular gene expression that are consistent with the observed cell physiology. In order to examine global changes in cellular gene expression patterns and to more narrowly define appropriate cell cycle regulatory proteins potentially involved in the cell cycle arrest phenomenon, the levels of transcription in infected versus mock-infected HEL cells were compared by using expression array analysis. The expression arrays used (ATLAS Human cDNA Expression Arrays; Clontech) consist of nylon filters spotted with cDNAs corresponding to 588 unique human genes which can be individually identified by grid position on the filter. 32 P-labeled cDNA probes generated by reverse transcription of poly(A) ϩ RNA isolated from infected or mock-infected cells were hybridized to the filters. The resulting autoradiograms allow comparisons of cellular gene expression patterns for the 588 genes following infection with these viruses. Thus, these filters illustrate changes in gene expression occurring at the level of mRNA abundance. Alterations in the expression of a particular gene were defined as reproducible changes that were observed in replicate experiments on multiple filter sets. Relative to the profile of d106-infected cells, the pattern of gene expression in d109-infected cells more closely resembled that of gene expression in mock-infected cells. We were unable to observe the reproducible induction of any gene in d109-infected cells. For both viruses, there were a number of spots of lower intensity relative to uninfected cells. This was far more pronounced in d106-infected cells. Reductions in the abundance of cellular transcripts may be a consequence of the effects of both ICP0 and components of the virion.
Induction of p53, p21, gadd45, and mdm-2 following infection with ICP0-expressing virus. We were particularly interested in induced genes that are associated with cell cycle regulation. The induction of gadd45 and mdm2 along with p21 is often associated with the activation of p53 (15, 45, 47) . Activation of p53 predominantly occurs via posttranscriptional mechanisms such as modification and/or stabilization of p53 protein, and therefore its induction was not observed on the expression arrays. ICP0 has been shown to interact with cellular transla-
tional and protein degradation pathways, possibly altering the accumulation of cellular protein products. Thus, we next examined the steady-state levels of these cell cycle regulatory proteins by Western blot analysis to confirm and extend some of the results described above at the level of protein accumulation.
Western blot analysis revealed that p53 was induced between 12 and 24 h postinfection by the ICP0-expressing virus d106 but not by d109 (Fig. 5A ). In addition, d106 infection induced p21 temporally consistent with p53 induction (Fig.  5B) . The induction of p21 by d106 correlated with the cell cycle arrest phenomenon observed following infection with this virus. gadd45 and mdm-2 were also induced at the protein level (Fig. 5C) , consistent with alterations observed on the expression arrays. These changes are also consistent with the cell cycle arrest phenotype of d106-infected cells. The induction of gadd45 and mdm-2 occurred earlier than the induction of p21, indicating that these proteins are more sensitive to the effects of ICP0 expression. Induction of the gadd45 and mdm-2 proteins occurred prior to increases in p53 protein levels. mdm-2 has been shown to operate as a negative feedback regulator of p53 via the ability of mdm-2 to interact with p53 and target it for degradation (86) . Thus, it is possible that the induction of
FIG. 4. Cellular gene expression patterns following infection with d106 and d109. Expression array analysis of mock-infected (A), d106-infected (B), and d109-infected (C) HEL cells was performed as described in Materials and Methods. Poly(A)
ϩ mRNA from mock-infected or infected cells was used to generate [ 32 P]dATP-labeled cDNA which was hybridized to each ATLAS filter, respectively. Changes were identified by inspection of autoradiograms resulting from multiple experiments with different filter sets. Shown are representative filters for each condition demonstrating changes in expression relative to uninfected cells in 588 genes contained on the filters. Each gene on the array is represented by two adjacent spots. The labels on the filters are described in the text. 
a Cell cycle arrest was defined by flow cytometry of propidium iodide-stained infected cells at 24 h postinfection. mdm-2 serves to prevent observable increases of p53 protein at early times, but that this inhibition is overwhelmed at later times. p53 may be activated earlier after infection with d106 in a manner which does not affect the stability of the protein and/or which is not observed by Western blot analysis. Alternatively, it is possible that expression of ICP0 results in the induction of these proteins independently of p53.
Induction of p21, gadd45, and mdm-2 occurs independently of p53. The induction of p53 and p53-responsive genes gadd45, p21, and mdm-2 suggests that the cell cycle arrest which occurs as a consequence of ICP0 expression is p53 dependent. We assessed the requirement for p53 by using a human lung fibroblast cell line (H1299) with both p53 alleles deleted. H1299 cells do not express any detectable or functional p53 peptides and have a normal diploid chromosome number. H1299 cells infected with d106 failed to proliferate, and their DNA synthesis was inhibited (data not shown). Flow cytometry demonstrated that H1299 cells infected with d106 (Fig. 6 ) exhibited the same cell cycle arrest phenotype as d106-infected HEL cells, which contain wild-type p53 (Fig. 2) . This indicates that the expression of ICP0 can potentially alter cell cycle progression via p53-independent mechanisms. Infection with d109 did not affect the progression of H1299 cells through the cell cycle.
In order to assess whether the molecular mechanisms associated with cell cycle arrest in the presence or absence of cellular p53 were similar, we analyzed the gene expression pattern of H1299 cells infected with d106 or d109 or mock infected. The expression array analysis of d106-infected H1299 cells showed a pattern of alterations similar to that described above for d106-infected HEL cells, while d109-infected H1299 cells exhibited a hybridization pattern indistinguishable from that of mock-infected cells (data not shown). Western blot analysis demonstrated that cell cycle regulatory proteins p21, gadd45, and mdm-2 were induced as a consequence of ICP0 expression independently of p53 (Fig. 7) . As observed in the p53 ϩ/ϩ HEL cells, induction of gadd45 as a consequence of infection with d106 occurred sooner (by 6 h postinfection) than the induction of p21 (by 24 h postinfection) in H1299 cells.
Cellular genomes and quiescent viral genomes are sensitive to TSA as well as ICP0. The growth arrest which occurs in p53 Ϫ/Ϫ H1299 cells as a consequence of ICP0 expression is coincident with the p53-independent expression of p21. p21 has previously been reported to be induced independently of p53 following treatment with the HDAC inhibitor TSA (79) . TSA is considered to derepress cellular genomes, presumably by virtue of the consequent hyperacetylation of core histones. In addition to the p53-independent expression of p21, administration of TSA also results in cell cycle arrest at both G 1 /S and G 2 /M (87). Given that derepression by ICP0 and derepression by TSA seem to have similar biologic effects, we investigated hpi] ), cell lysates were prepared and equal amounts of total protein were separated by SDS-PAGE. Western blot analysis was then performed as described in Materials and Methods for mdm-2, p21, gadd45, and ICP0.
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on October 29, 2017 by guest http://jvi.asm.org/ whether viral genomes were sensitive to TSA. We have previously shown that the expression of ICP0 results in the induction of the otherwise silent HCMV IE promoter-driven green fluorescent protein (GFP) transgene contained on the d109 genome, consistent with the hypothesis that ICP0 activates gene expression by derepressing viral genomes (73) . We assayed the effect of TSA at increasing concentrations on the induction of the d109-encoded HCMV IE promoter-driven GFP compared to the induction of cellular p21 by Western blot analysis. Figure 8A demonstrates that viral genomes and cellular genomes were equally sensitive to TSA, as shown by the induction of GFP from the viral genome and p21 from the cellular genome at similar concentrations of TSA (100 nM). The temporal induction of p21 by 100 nM TSA was also similar to the induction of p21 by ICP0 (Fig. 8B) . Thus, ICP0 appears to be operationally similar to an inhibitor of HDAC, suggesting a possible mechanism of ICP0-mediated derepression of gene expression and cell cycle arrest.
DISCUSSION
The ability to alter cellular regulatory pathways is a strategy employed by viruses to enhance viral replication. The changes induced by the virus may affect the activities or abundance of pre-existing host cell proteins or may result from virus-induced changes in cellular gene expression. ICP0 is an IE protein of HSV that has been shown to possess the ability to promiscuously induce gene expression, at least in transient assays (20, 32, 62, 67) . We have previously constructed a virus in which ICP0 is the only IE protein expressed and another isogenic variant in which none of the IE proteins are expressed (73) . Cells infected with the ICP0-expressing viruses do not readily round up and detach from the monolayer but rather are growth arrested and abundantly express ICP0, ICP6, and GFP from the HCMV IE promoter inserted into the virus genome for a defined period of time, until the cells eventually die (73) . By contrast, a virus that does not express any IE proteins has no observable effects on host cell metabolism and its genome is relatively silent from a transcriptional standpoint in most cells. Given these two phenotypes, we used these viruses to observe how ICP0 may affect cellular gene expression and metabolism and possibly gain insight into its role in virus infection.
We report that the expression of ICP0 in the absence of other viral IE proteins results in a unique pattern of p53-independent cell cycle arrest which was coincident with the induction of certain cellular genes and consistent with the role of ICP0 as an activator of gene expression. In particular, the main findings were (i) that ICP0 expression resulted in cell cycle arrest in G 1 /S and G 2 /M independently of the p53 status of the host cell; (ii) that ICP0 expression resulted in alterations in the expression of a subset of cellular genes; (iii) that the ability to induce cell cycle arrest corresponded to the induction of cellular genes involved in cell cycle regulation, including p21, gadd45, and mdm-2 independently of cellular p53; and (iv) that ICP0 activity had effects on viral and cellular gene expression similar to those of the HDAC inhibitor TSA. The observed changes in the expression of cellular genes as a function of the expression of ICP0 is significant from several standpoints. These changes (i) may reflect the mechanism by which ICP0 induces gene expression, (ii) indicate the potential physiological effects of ICP0 on host cell metabolism, and (iii) may be indicative of the role of ICP0 in the induction of cellular genes whose protein products play a potential role in the viral life cycle.
Examination of the expression of 588 cellular genes at the mRNA level by expression array analysis suggests that only a small fraction of cellular mRNAs were affected by ICP0 expression. This is consistent with previous observations that HSV-1 infection results in the activation of a limited number of cellular promoters contained on the cellular genome (18) . The changes in the expression of cellular genes may be due to the direct action of ICP0 on the gene or be a consequence of some upstream event. ICP0 has been hypothesized to act via the proteasome pathway (23, 25, 26) . It is possible that ICP0 affects the stability of specific cellular gene products and that this, in turn, affects the repertoire of transcription factors in the cell or the activity of complexes that affect the metabolism of histones on the DNA. It is intriguing that TSA had an effect similar to that of ICP0 on gene expression from the HSV genome and from the cell with respect to the expression of p21. Administration of TSA also results in the induction of only a small subset of cellular genes despite its apparent global effects on the action of HDACs (81) . Also similar to our observations with ICP0, TSA results in the p53-independent induction of p21 (79) and cell cycle arrest in G 1 and G 2 /M (86). Given these similar outcomes, it is possible that ICP0 affects the higherorder packaging of DNA. Whether it acts directly in the metabolism of histones or indirectly, possibly through the proteasome pathway, by affecting the stability and hence the abundance of proteins involved in the metabolism of histones, remains to be determined. Of note is the recent report that gadd45 can alter nucleosome structure via interaction with DNA-bound histones (5) . gadd45 is induced very early following ICP0 expression, suggestive of a potential indirect mechanism by which ICP0 may alter chromatin structure and thereby gene expression.
It should be noted that ICP0 was necessary for the observed effects. The molecular pathways leading to cell cycle arrest were activated very early following ICP0 expression, as induction of cell cycle regulatory proteins gadd45 and mdm-2 occurred within 6 h after infection with the ICP0-expressing virus d106. While it is possible that other viral open reading frames are expressed during infection with d106, whose protein products contribute to cell cycle arrest, accumulation of such products would be expected to be very low and occur much later than when cell cycle arrest is initiated. The effect of ICP0 on cell cycle progression was, however, independent of the expression of the other four IE proteins. In addition, d109 induced neither cell cycle arrest nor significant changes in cellular gene expression. While we cannot rule out the possibility that ICP0 acts cooperatively with components of the virion particle, it is clear that the expression of ICP0 was required to induce these effects.
These studies reiterate that the expression ICP0 can have profound effects on the metabolism and survival of cells. We have previously demonstrated that while cells expressing ICP0 can remain metabolically active for prolonged periods of time, they are growth arrested and eventually die. Everett and colleagues have demonstrated that the expression of ICP0 leads to changes in the abundance of cellular proteins by affecting the proteasome pathway (22, 23, 65) , including the kinetechore-associated protein CENP-C, which may affect the function of the mitotic apparatus (22) . It is not clear that cells infected with d106 die by apoptosis. Genes involved in apoptosis, such as bax and bcl-2, are not induced as inferred from the present array analysis. A more extensive analysis aimed at resolving this issue is under way. The extent of the effects of ICP0 on the cell may also be a function of the level of ICP0 expression and the cell type. ICP0 is abundantly expressed from d106. It is possible that a lower level of ICP0 expression results in a more subtle phenotype. Likewise, other cell types, such as nondividing cells, may respond differently to the presence of ICP0. Regardless, viruses like d106 are not completely nontoxic to cells and care should be taken when proposing the use of such viruses as gene therapy vectors.
It is of interest that a number of cellular genes induced as a consequence of ICP0 expression may play a role in the successful completion of the viral replication cycle. A number of DNA viruses, such as adenovirus, simian virus 40, and human papillomavirus, which require cellular DNA replication proteins for viral replication, encode functions to promote cellular S phase. Thus, the cell cycle dysregulation that occurs following infection with these viruses functions to induce or maintain intracellular environments permissive for the efficient completion of the viral replication cycle. While HSV-1 encodes a large number of genes associated with DNA synthesis, HSV-1 does not encode any known topoisomerase activity and cellular topoisomerase II has been associated with HSV-1 viral DNA replication (14, 38) . Induction of the neurotrophin NT-3 during the viral replication cycle may have several implications. First, a nerve growth factor-inducible cellular activity has been shown to complement gene expression and replication of HSV-1 mutants lacking ICP0 activity. NT-3 may function similarly to nerve growth factor (90) , which would have particular significance in latently infected sensory neurons, presumably to enhance and/or initiate viral gene activation during reactivation. Second, the induction of NT-3 may represent a mechanism to promote neuronal survival during reactivation of latency, as NT-3 supports the survival of a variety of neuronal cell types (89, 90) , including sensory neurons of the trigeminal ganglion (16, 84) .
Latently infected neurons are terminally differentiated in G 0 phase, but stress stimuli have been shown to induce entry into G 1 (10, 36) . Transition of neuronal cells from G 0 to G 1 can stimulate expression from IE promoters on latent viral genomes (3, 68) , which may be one of many possible mechanisms leading to reinitiation of the lytic cascade. However, it has also been suggested that G 0 -arrested neurons restimulated to enter the cell cycle undergo apoptosis (33, 34, 61) and that activation of G 1 cyclin/cdk activity results in neuronal cell death via apoptotic pathways (63, 77) . Expression of cdk inhibitors such as p21 have been shown to protect against this type of neuronal cell death (63) . Of note is the fact that NT-3 has also been proposed to play a role in supporting neuron survival by preventing apoptosis (16, 28, 46) . Thus, in this case, the cell cycle arrest that occurs following ICP0 expression may serve a dual function, i.e., (i) to activate viral gene expression by promoting a permissive intracellular milieu and (ii) to prolong infectedneuron metabolism. These functions may differ slightly in importance, depending on whether the infected-cell population is initially dividing or nondividing. These issues remain to be resolved.
